Follicular lymphoma is commonly transformed to a more aggressive diffuse large B-cell lymphoma (DLBCL). In order to molecularely characterize this histiological and clinical transformation, comparative genomic hybridization was applied on 23 follicular lymphoma and 35 transformed DLBCL tumors from a total of 30 patients. The results were also compared with our published findings in de novo DLBCL. Copy number changes were detected in 70% of follicular lymphoma and in 97% of transformed DLBCL. In follicular lymphoma, the most common alterations were þ 18q21 (33%), þ Xq25-26 (28%), þ 1q31-32 (23%), and À17p (23%), whereas transformed DLBCL most frequently exhibited þ Xq25-26 (36%), þ 12q15 (29%), þ 7pter-q22 (25%), þ 8q21 (21%), and À6q16-21(25%). Transformed DLBCL showed significantly more alterations as compared to follicular lymphoma (P ¼ 0.0001), and the alterations À6q16-21 and þ 7pter-q22 were only found in transformed DLBCL but not in follicular lymphoma (P ¼ 0.02). Alterations involving þ 13q22 were significantly less frequent, whereas À4q13-21 was more common in transformed as compared to de novo DLBCL (P ¼ 0.01 and P ¼ 0.02, respectively). Clinical progression from follicular lymphoma to transformed DLBCL is on the genetic level associated with acquirement of increasing number of genomic copy number changes, with non-random involvement of specific target regions. The findings support diverse genetic background between transformed and de novo DLBCL.
Follicular lymphoma is one of the most common types of lymphoma and is recognized as a distinct entity both clinically and genetically. The tumors are derived from germinal center B cells, and are strongly associated with a characteristic translocation t(14;18)(q32;q21) found in up to 80% of the cases. 1 Following this chromosomal rearrangement, BCL-2 expression is increased, which in turn is believed to prolong cell survival and facilitate accumulation of genetic changes involved in the malignant transformation. [2] [3] [4] Patients with follicular lymphoma normally show an initial indolent clinical course, but eventually almost all succumb to the disease. This is partly related to the frequent transformation of follicular lymphoma to aggressive diffuse large B-cell lymphoma (DLBCL). 5 Transformation of DLBCL is diagnosed in up to 10-60% of follicular lymphoma cases and is associated with an accelerated clinical course and shorter survival. 5 Thus, follicular lymphoma represents a clinical dilemma as its natural course cannot be predicted, and in addition the prognosis after transformation to DLBCL is poor in spite of treatment with combination chemotherapy.
DLBCL can be classified as de novo, that is, without a previous history of an indolent lymphoma, or as secondary transformed DLBCL emanating from an indolent lymphoma most commonly follicular lymphoma. The distinction between transformed and de novo DLBCL is based on the morphological demonstration of a low malignancy grade lymphoma such as follicular lymphoma either before or simultaneous to the DLBCL. However, it is not known whether some apparently de novo DLBCL could in fact represent transformed cases where the component of low-grade malignancy is no longer detectable. The demonstration of a t(14;18) rearrangement in a significant proportion of de novo DLBCL gives some support for this hypothesis. 4 Several genetic events have previously been proposed to be associated with transformation of follicular lymphoma to DLBCL, including TP53 mutations, 6 gene activation of MYC, 7 deregulation of REL, 8 somatic mutations of the translocated BCL-2 gene in 18q21, 9 as well as deletions at 9p21 10 involving p15 INK4b and p16 INK4a . Other approaches include, for example, screenings on the genomic and RNA expression levels using comparative genomic hybridization (CGH), and different micro-arraybased techniques. [11] [12] [13] [14] Global gene expression profiling have shown highly similar expression signatures in ancestral follicular lymphoma and transformed DLBCL, whereas de novo DLBCL clustered separately, suggesting etiological differences between transformed and de novo DLBCL. 15 In studies of genomic copy number alterations, gains involving þ 1q, þ 3q, þ 7, þ 12, þ 18q21, and þ Xq as well as losses in À4q, À6q, and À17p have been associated with transformation from follicular lymphoma to DLBCL. 12, 13, 16 In this study, we comprehensively characterize genomic copy number changes associated with the transformation from follicular lymphoma to DLBCL as well as tumor progression using CGH analysis. The clonality was in selected cases determined by single-stranded conformation polymorphism (SSCP) and sequencing of the IGH gene. Furthermore the results for transformed DLBCL were compared to our previously published findings in de novo DLBCL. 17 
Materials and methods

Patients and Tumor Specimens
Thirty patients (13 men and 17 women) diagnosed between 1970 and 1997 with a follicular lymphoma, and a later transformed DLBCL, were included in the study (Table 1) . The patients were identified from the files of the Departments of Pathology at the Uppsala University Hospital and the Umeå University Hospital, Sweden. A total of 58 frozen tumor biopsies were available from the 30 patients, and were all collected with approval from an ethical committee. All tumors were histopathologically reevaluated by two of the authors (RA and GR), according to the WHO classification. 18 This confirmed the initial diagnoses of follicular lymphoma and DLBCL in all cases. Tumors were diagnosed as transformed DLBCL based on their previous history of follicular lymphoma. Four patients had a discordant lymphoma with simultaneous diagnosis of follicular lymphoma and DLBCL (cases 3, 5, 14, and 18), and in these cases the CGH analysis was performed on the transformed DLBCL. The other 26 patients were first diagnosed with follicular lymphoma, and then presented a transformed DLBCL after a median time of 60 months (range 0.5-247 months). From 16 of these 26 patients, samples from both follicular lymphoma and transformed DLBCL were available, however not always from the first diagnosis of follicular lymphoma and DLBCL, respectively (Tables 1 and 2) . From case 30, four samples of follicular lymphoma and two transformed DLBCL were analyzed. From cases 1 and 2, only follicular lymphoma material was studied, whereas from cases 3-14 material was only available from the transformed DLBCL. For eight cases (15, 17, 20, 21, 22, 28, 29 , and 30), paraffin blocks for immunohistochemistry were available from matched tumors, that is, from the follicular lymphoma as well as DLBCL counterpart. A total of 16 paired cases were available for CGH (including the eight cases available for immunohistochemistry; see Table 2 ). For seven of the cases, the CGH have been previously published (tumor no. 3, 4, 5, 10, 12:1, 12:2; 13:1, 13:2, 14:1, 14:2, and 14:3 in Table 2;  corresponding to no. 25, 21, 23, 13, 33D, 33R, 32D,  32R, 34D, 34R1, and 34R2) . 17 After re-evaluating the original CGH data, À16p was added to the findings in tumors 14:2 and 14:3 (34R1 and R2).
CGH Analysis
High molecular weight DNA was prepared from frozen tumor material using QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA) including proteinase K treatment. CGH was performed using methods described previously. 17 Briefly, tumor DNA was labeled with FITC and the reference DNA with Texas-Red (Vysis Inc., Downers Growe, IL, USA), mixed with Cot-I DNA, and hybridized together onto denatured metaphase spreads from normal lymphocytes (Vysis Inc.). The slides were counterstained with 4,6-diamidino-2-phenylindole (DAPI, Vysis, Inc). Ten to twelve three-color digital images were captured from each hybridized slide using an Axioplan 2 epifluorescence microscope (Carl Zeiss Jena GmbH, Jena, Germany) equipped with Sensys cooled charge-coupled device camera (Photometrics) and analyzed with the isis/CGH software (Metasystems, Altlussheim, Germany). For each hybridization, at least 10 ratio profiles were averaged for each chromosome to reduce noise. Green to red ratios below 0.8 were considered as losses, above 1.2 as gains, and above 1.5 as high-level amplifications. Heterochromatic regions in the centromeric and paracentromeric parts of the chromo- ABMT, high dose therapy with autologous stem cell rescue; CCR, continous complete remission; CHOP, cyclofosfamide, vincrisine, adriamycin, and prednisolone; CNOP, cyclofosfamide, vincristine, mitoxantrone, and prednisolone; COP, cyclofosfamide, vincristine, and prednisolone; CT, different combination of chemotherapy; DoL, dead of lymphoma; m, months; MACOP-B, methotrexate, adriamycin, cyclofosfamide, vincrisitne, bleomycin, and prednisolone; MIME, methyl-gag, ifosfamide, methotrexate, and etoposide; NA, not available; RT, radiotherapy; WW, wait and watch; yrs, years.
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Clonality Analysis
In order to evaluate the clonality in cases showing different CGH profiles, that is, cases 27 and 29, IGH rearrangements were used as a marker for clonality. Two cases, 20 and 22, in which the CGH profiles were similar between the follicular lymphoma and DLBCL tumors were also analyzed. V H gene familyspecific PCR amplification was performed using specific V H /J H primers as described previously. 19, 20 To distinguish monoclonal PCR-products from polyclonal, a SSCP analysis was performed using polyacrylamide gel or GenePhor system electrophoresis (Pharmacia LKB Biotechnology, Uppsala, Sweden) as reported previously. 21 For cases 20, 22, and 29, clonal PCR products amplified from tumors were direct sequenced using the BigDye Terminator Cycle Sequencing Reaction Kit (Perkin-Elmer, ABI, FosterCity, CA, USA).
Statistical Analysis
Differences in proportions of CGH alterations were analyzed with Fisher's exact test. The distributions of total number and individual CGH alterations between follicular lymphoma and transformed DLBCL were analyzed with the Mann-Whitney Utest. Similar analyses were performed to compare the CGH alterations reported here in transformed DLBCL with published CGH data for de novo DLBCL. 17 All statistical analyses were performed using the Statistica 6.1 software (Stat Soft Inc., Tulsa, USA). P-values less than 0.05 were considered as statistically significant.
Results
Bcl-2 Expression by Immunohistochemistry
Immunohistochemistry was performed on a total of 31 tumors (Table 2) , of which 13 were follicular lymphoma and 18 DLBCL. In the remaining cases, no tumor material was available for immunohistochemistry. Among the analyzed follicular lymphomas, 12 tumors (92%) showed positive bcl-2 staining, whereas 14 (78%) of the DLBCL tumors were positively stained.
CGH Alterations in Follicular Lymphoma and Transformed DLBCL
In this study, genomic copy number alterations were characterized in a panel of 23 follicular lymphomas and 35 transformed DLBCLs from 30 patients with histopathologically confirmed transformation of follicular lymphoma to DLBCL. The clinical characteristics are detailed in Table 1, and the findings  are shown in Tables 2-6 as well as Figures 1 and 2 . In the entire material of 58 tumors, gains of chromosomal regions were more frequently encountered than losses (Figure 1a and b) .
Several differences in CGH alterations were noted between the groups of follicular lymphoma and transformed DLBCL studied (Table 3 ). In Table 3 , the most commonly occurring alterations, that is, found in four cases or more, are listed. Significantly higher total numbers of CGH alterations were observed in transformed DLBCL as compared to follicular lymphoma (mean 5.4 and 2.2, respectively, P ¼ 0.0001). In follicular lymphoma, the most common gains were þ 18q21 (33%), þ Xq25-26 (28%), þ 1q31-32 (23%), and þ 12q15 (11%), whereas the most common loss was À17p (23%). In transformed DLBCL, þ Xq25-26 (36%), þ 12q15 (29%), þ 7pter-q22 (25%), and þ 18q21 (21%) were the most common gains, whereas losses involved À6q16-21 (25%), À8p22-pter (18%), and À17p (18%). Two of the common changes À17p and þ 12q15 never cooccurred in the same tumor or patient. Moreover, À6q16-21 and þ 7pter-q22 were frequently detected in transformed DLBCL but never in follicular lymphoma (Figure 1 ; P ¼ 0.02 and 0.02, respectively).
Genetic Progression Associated with Transformation of Follicular Lymphoma to DLBCL
Two approaches were taken to determine the order of chromosomal imbalances in the genetic progression and its possible association with transition from follicular lymphoma to transformed DLBCL. Firstly, the tumors were organized with an ascending number of CGH aberrations. Imbalances were considered as early events if found in tumors with low total number of changes, and as late events if they were only present in cases with high total number of changes. In follicular lymphoma, gains involving þ 1q31-32, þ Xq25-26, þ 18q21, and þ 12q15 were all detected as early events (Table 4) . Partly in contrast, À4q13-21, þ Xq25-26, À8p22-pter, À9p23-pter, þ 7pter-q22, and þ 1q31-32 appeared relatively early in transformed DLBCL, whereas À22q and þ 3q24-25 were identified as late events (Table 5) .
Secondly, the CGH alterations were compared between individual tumors from the same patients in the 16 cases from which paired follicular lymphoma and transformed DLBCL were available ( Figure 2 and Tables 2 and 6 ). From cases 27, 28, 29, and 30, three or more tumors were studied (Table 2) . Based on the results, tentative schemes for the subsequent acquirement of CGH alterations were constructed (Figure 2 ). In addition, by comparing CGH aberrations in paired follicular lymphoma and transformed DLBCL from cases 15-26, the alterations þ Xq25-26, À4q13-21, À6q16-21, and À8p22- Bold style indicates a high-level amplification. Transformation to diffuse large B-cell lymphoma M Berglund et al Table 5 The most frequent CGH alterations in transformed diffuse large B-cell lymphoma in relation to the total number of alterations Tumo no. Bold style indicates a high-level amplification.
No. of alterations
Transformation to diffuse large B-cell lymphoma M Berglund et al pter were repeatedly found in transformed DLBCL only (three or more cases) but never in the follicular lymphoma (Table 6 ).
Clonality
The results from the CGH analyses indicated that the tumors from the 16 matched cases were clonally related. However, in cases 27 and 29, the clonal relation remains unclear after CGH analysis as well as the mutual order of the subsequent tumors, respectively. Tumor 27:2 was shown to display two V H rearrangements, that is, one V H 3 and one V H 5 rearrangement (Figure 2 
CGH Alterations in Relation to Clinical Parameters
The clinical course of the 30 included patients was poor. At the initial lymphoma diagnosis, four patients presented a discordant lymphoma with a simultaneous diagnosis of follicular lymphoma and transformed DLBCL in different sites. In the other 26 patients, the time interval between initial diagnosis of follicular lymphoma and subsequently of transformed DLBCL varied from 0.5 to 247 months (Table  1) . However, no differences in CGH alterations were observed between cases with short (below median) or long (above median) time interval from initial follicular lymphoma diagnosis to transformation (Table 1) . At the end of follow-up, only three patients were alive and disease-free, two of whom were treated with high-dose chemotherapy and autologous stem cell transplantation. The total number of CGH alterations in these tumors varied from 0 to 12, without predominant involvement of a specific chromosomal region.
Distinct CGH Alterations in Transformed as Compared to De Novo DLBCL
The CGH alterations found in transformed DLBCL were compared to our previously published data for de novo DLBCL (Table 3 ). This revealed that losses involving À4q13-21 were significantly more common in transformed DLBCL as compared to de novo DLBCL (P ¼ 0.02; Table 3 ). In contrast, þ 3q24-25 and þ 13q22 were significantly more frequent in de novo DLBCL than transformed DLBCL (P ¼ 0.04 and 0.01, respectively; Table 3 ). No other differences were detected and the total numbers of CGH aberrations were similar in the two groups (5.1 vs 5.4; P ¼ 0.6).
Discussion
In approaching the molecular mechanism leading to transformation from indolent follicular lymphoma DLBCL, diffuse large B-cell lymphoma. a 42, 2, and o2 indicate the no. of cases in which each specified alteration was observed. Each alteration in subsequent DLBCL relapses from the same case was counted once.
Transformation to diffuse large B-cell lymphoma M Berglund et al to aggressive DLBCL, we have comprehensively characterized genomic copy number imbalances in a panel of 58 such tumors from a cohort of 30 patients diagnosed with transformed DLBCL following or in parallel with an initial diagnosis of follicular lymphoma. Based on the results, we conclude that transformation to DLBCL is associated with increasing numbers of acquired CGH alterations, with predominantly involving non-random chromosomal regions. The findings add to the present knowledge of molecular genetic events associated with the transformation of follicular lymphoma that involves both mutations and deregulation of several cancer-related genes as well as acquired structural and numerical alterations of multiple chromosomal regions. The patterns of CGH alterations detected in follicular lymphoma and transformed DLBCL suggested a progression of genetic events. These results are in agreement with previous studies concerning clonal evolution in follicular lymphoma, 2, 22 suggesting that secondary mutations accumulate and the sum of the different genes involved produces the transformation. For this purpose, the detected alterations were related to the total number of CGH alterations and their relation to clinically evident transformed DLBCL. The data underlying these evaluations are illustrated in Tables 4-6 and Figure 2 . The alterations À4q13-21, À8p22-pter, þ Xq25-26, þ 1q31-32, and þ 7pter-q22 appeared as early events in the transformed DLBCL (Table 5) , whereas þ Xq25-26, þ 1q31-32, þ 12q15, and þ 18q21 appeared early in follicular lymphoma tumors (Table 4 ). Figure 2 illustrates the acquired CGH alterations in paired samples of follicular lymphoma and transformed DLBCL analyzed from the same patients. The model we constructed from the results above ( Figure 3 ) is in close agreement with previous studies concerning regions involved in the transformation. 5, 23 As previously noted in other reports, gains tended to be more common in early follicular lymphoma whereas losses appeared in late follicular lymphoma tumor progression. 22 It can be speculated that late progression/transformation in follicular lymphoma depends on alterations in rate-limiting genes, that is, tumor suppressor genes rather than oncogenes. Alterations of some chromosomes were detected as early events in both follicular lymphoma and transformed DLBCL, possibly indicating that genes in these regions, for example on chromosome X, may be involved in the tumor progression as well as in tumor initiation. Some transitional changes, that is CGH alterations found only in the first available DLBCL and not in any of the follicular lymphoma from the same patients, were recurrently detected in our series (Table 6 ). Interestingly, À6q16-21 and þ 7pter-q22 were both detected as transitional changes in three different cases, further A linear clonal evolution of events was suggested for three of the four cases from which three or more consecutive tumors were studied. However, case no 27 illustrates a more complicated picture (Figure 2) showing that the diagnostic tumor (27:1) and the second relapse (27:3) are not closely related. A clonal heterogeneity was found in the first relapse (27:2) , showing a clonal relation to tumor 27:1 as well as 27:3. Notably, this patient transformed to DLBCL only 3 months after the initial follicular lymphoma diagnosis and it can be suggested that this heterogeneity within the tumor facilitates the transformation process from follicular lymphoma to DLBCL. It has been shown that clonal evolution in follicular lymphoma to transformed DLBCL in most cases is linear 13 but alternatively, and more complicated, non-linear progression where the tumor originates from an earlier stage of tumor differentiation is also common in follicular lymphoma as well as in follicular lymphoma to DLBCL transformation. This scenario is evident for case 29 (Figure 2) , where all four tumors are clonally related even if the tumor progression is not linear. Two lineages were detected (Figure 2) .
Transformed DLBCL were found to harbor significantly more genomic copy number imbalances than the corresponding follicular lymphoma (P ¼ 0.0001), which is in agreement with previous reports. 12, 16, 24 Karyotypic analysis has also shown that transformed DLBCL are cytogenetically more unstable, resulting in a scattered picture of numerical alterations. 17 In close agreement with previous studies, 5, 12, 13 the most common alterations in our series of transformed DLBCL were þ Xq21-26 (36%), þ 7pter-q22 (25%), þ 12q15 (29%), and þ 18q21 (21%), as well as À6q16-21 (25%), À8p22-pter (18%), and À17p (18%).
Genomic copy number alterations associated with transformed DLBCL have been previously reported in five different studies applying conventional CGH or array-CGH (Table 7) . Our findings of frequent Xq25-26, þ 7pter-q22, þ 12q15, þ 18q21, À4q21-qter,
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Increasing total number of cytogenetic alterations 
Cases studied 23  6  5  6  16  10  Method  CGH  CGH  CGH  CGH  CGH  Array-CGH CGH alterations are detailed which were found in transformed diffuse large B-cell lymphoma only, but were absent in matching FLs from the same patient.
Transformation to diffuse large B-cell lymphoma M Berglund et al À6q16-21, and À17p were also demonstrated in three or more of the previous reports (Table 7) . We found that two of these alterations, À6q16-21 and þ 7pter-q22, were significantly more frequent in transformed DLBCL than in follicular lymphoma (Table 3) . Losses in 6q and gains of 7q has been described before in follicular lymphoma tumors, 25 in DLBCL tumors transformed from follicular lymphoma, 26 as well as in de novo DLBCL. 17, 27 Interestingly, a minimal region of deletion at 6q16.3 in follicular lymphoma has recently been described, 25 that includes the candidate gene RNAH, encoding a RNA helicase that can bind the p16
INK4a promoter and positively regulates its transcription. Loss of p16
INK4a
has been suggested to be involved in the transformation from follicular lymphoma to DLBCL. 5 Concerning chromosome 7, two candidate genes located at 7q11. , that is, CYP51 and CUTL1, have been found overexpressed in lymphomas.
12 CUTL1 is particularly interesting as it regulates lymphopoiesis and is associated with lymphoid malignancies in mice. 28 Concerning the alterations À17p and þ 12q15, possible candidate target genes is TP53 in 17p13.1 and MDM2 in 12q14.3-15. Previous reports of transformed DLBCL have documented alterations of MDM2, as well as a limited role of TP53 mutations. 23, 29 In our study, the chromosomal loci for TP53 and MDM2 were involved in 46% of all cases; however, they were never observed in the same patient. This indicates that deregulation of p53 expression or downstream inhibition is one of the main reasons for the transformation and a possible future therapeutic target.
The patterns of CGH alterations found in transformed DLBCL was partly overlapping and partly distinct from our previous findings in de novo DLBCL. 17 The alterations À6q16-21 and þ 7pter-q22 that distinguished transformed DLBCL from follicular lymphoma were also frequently found in de novo DLBCL. This suggests that de novo and transformed DLBCL involve overlapping etiological mechanisms. In contrast, overt differences between the groups included significant over-representation of þ 3q24-25 and þ 13q22 and under-representation of À4q13-21 in de novo DLBCL as compared to transformed DLBCL. Clinically, the recognition of transformed DLBCL is important, as this entity is associated with a more adverse outcome than the de novo cases. Therefore, the findings of distinguishing genetic alterations could potentially be utilized for diagnostic purposes to distinguish between de novo and transformed DLBCL.
Clinical progression from follicular lymphoma to transformed DLBCL is on the genetic level associated with acquirement of increasing number of genomic copy number changes and non-random involvement of specific target regions. It is expected that precise identification of the genes targeted by losses in 6q and gains in 7 will improve our understanding of the transition from follicular lymphoma to DLBCL.
Taken together, the available information concerning molecular genetic alterations in these tumor groups suggests that multiple events are necessary to achieve transformation. Therefore, an important task is to delineate the sequential order of these events and their possible influence on the clinical outcome. These may in turn reflect pathways and events that could be utilized for prognostic and/or therapeutic purposes. 22 
